A photoflash method of thermal diffusivity measurement was used to determine the value of thermal diffusivity of a sandwiched aluminum layer in a three-layer sample when the sample is simultaneously subjected to both thermal and electric field gradients. The value of the thermal diffusivity of the sample initially measured before electric field was applied agreed well with other reported results. The thermal diffusivity was also found to decrease or increase under the influence of the electric field strength or direction.
Introduction
In solid materials heat is carried by acoustic phonons and electrons [1] . The thin films used in microelectronic devices, composite materials in superconductors and in nuclear reactors' walls, etc, are known to be simultaneously subjected to both temperature and electric field gradients. The small heat capacity of the electrons allows their transition from as low as 1.5 K B T e (K B is the Boltzmann's constant and T e is the electron system temperature) below the Fermi energy to energies as high as vacuum temperature immediately after photon absorption [2] . At such high electron temperature, the temperature dependent thermophysical properties of nobel and transition metals can be directly affected by the thermal excitation of the lower band electrons [3] . In this work therefore we seek to find the change in the value of thermal diffusivity of solid used as thermal interface material (TIM) when the TIM is simultaneously subjected to both temperature and electric field gradients.
Theory
Consider a three-layer semi-infinite region − < < ∞ of which − < < 0 is the film or heat source (layer 1), 0 < < the middle region or the TIM (layer 2) and < < ∞ the substrate or the heat sink (layer 3).
, , , and are for thermal diffusivity, thermal conductivity, density, specific heat capacity and temperature in the first region, , , , and for the corresponding quantities in the second region and , , , and in the third region respectively. The linear heat conduction equation to be solved is by [4] given as
where, = 1, 2, 3 for the three regions respectively. The corresponding initial condition for equation (1) is
The boundary conditions for perfect thermal interface are given as
, , = , , .
− , , = , .
(5) Applying the Laplace and Hankel transforms technique to equations (1-5) yields, [4] where, = 1, 2, 3 for the three regions respectively. With the corresponding initial conditions the solution for equation (1) is
= +
The general solutions to equations (6 and 7) together with their boundary and regularity conditions can by [4] be expressed as
Where A i and B i are constants to be determined from the initial and boundary conditions. The mathematical analysis for composite consisting more than two layers is very complicated; for ≥ 3 −layer films structures, 2N+2 linear algebraic equations similar to equation (8) need to be solved. The difficulty in modeling heat diffusion problems for these kinds of materials arises due to complications in applying fundamental laws on them. To overcome these difficulties researchers evolved two simplifying assumptions: Ohm' law model and Fourier's law model. Applying the later [4] arrived at the expression below for a diamond film coated with absorbing and contact layers on its front and back surfaces respectively.
Where d i is the thickness of layer i, is its thermal diffusivity and its thermal conductivity, , is the rear surface temperature profile in the Laplace domain as a function of the Laplace parameter s and spatial parameter and i, the index for the layers, runs from 1 to 3 for d and and from 1 to 2 for thermal conductivity, k. Many researchers including [4] from which the major part of this work is based used the integral inversion technique in solving and inverting equation (9) . Specifically, [4] used the inverse Hankel and Laplace integral transforms in getting the full-field temperature profile for a three-layer sample irradiated by a laser pulse. The former transform technique is used in removing the spatial dependence in equation (9) while the latter is used in removing the temporal dependence. In this work however, we propose a simpler asymptotic expansion technique [5] in simplifying equation (9) via Binomial series approximation and hence used the Laplace transform conversion table in arriving at full-field temperature of the three-layer sold sample. Hence, equation (9) is converted to t domain using the Laplace transform conversion table [5, 6] to arrive at rear surface temperature (layer 3) of a camera flash irradiated front surface (layer 1) of three-layer solid sample as given by equation (10) above.
Sample Preparations
A laboratory weighing balance (AND GR-200) was used to measure 0.453 g of high purity starch which was dissolved in 7.50 ml of distilled water at room temperature and the mixture gently stirred to ensure homogenity. About 25.0 ml of boiled distilled water was then gently added to the waterstarch mixture to form a paste, this is vigorously stirred to ensure a homogenous mixture. The paste is allowed to cool down in open air for 20 minutes. Aluminium plate (purity 99.5%, thickness 200 µm and diameter 1.20 cm) which has been washed, dried and polished to remove any contaminants was gently dipped into the starch-water paste for 10 seconds and thereafter gently removed upward.
The plate was held in that position for another 10 seconds before it is dipped back into the mixture once again. The procedure is repeated for about 30 minutes after which the plate is suspended by attaching a thin thread to one of its ends and allowed to dry in open air for 48 hours. The thickness of the starch films formed at the two faces of the aluminium plate was measured using Sylus Profilometer (AMBIOS TECHNOLOGY XP-200) while the surface morphology for the starch film is obtained using Scanning Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) images and are shown in figure 3 and 4 respectively.
Experimental
The experimental set up consists of a camera flash (NIKON SB 900) with flash time duration of 10 milliseconds set to give instant flash with energy E and intensity I by pressing a knob attached to it. On the surface of the camera flash is placed a special sample holder which is chosen to be extremely opaque and non-conducting and consisting of circular holes through which the light from the camera flash irradiates the sample placed on the top of the sample holder. These circular holes ensured that the heat pulse from the camera flash irradiates the sample in an annular form similar to those found in literature [8, 9] . The radius of the circular ring is made to be 0.0035 m in this set up and is hereafter referred to as the radius, r of the heating ring. A thermocouple is placed on the rear surface of the sample and exactly at its center to act as the rear face temperature probe. Other apparatuses used include a photodiode on the surface of the camera flash and close to the sample to act as trigger for the DAQ (National Instruments NI USB 6221) to capture the sample's rear face temperature-time evolution, a low-noise amplifier (Standford Research System SR 560) for signal amplification, desktop computer, and, a laboratory power source to give DC power to the camera flasher. The schematic diagram of the setup is shown in figure 2 . Others not shown in figure 2 include a serial electric connection for passing variable currents and fixed voltage to the sample, digital millimeter, and circuitry for the parallel plate capacitor, thermocouple positioner and retort stand with clamp.
Fig. 1: Schematic Diagram of the Laboratory Set Up
The schematic diagram as shown in Fig. 1 has been described earlier [7] . The sample is irradiated in such a manner as to cause thermal flow axially and radially through it prior to detection. A thermocouple is placed on the rear surface of the sample and exactly at its centre to act as the rear face temperature probe. The three-layered sample is made of starch/Al/starch.
Results and discussion
The data in Fig. 2 obtained from the thermal diffusivity experiments when no current is flowing through the sample is first used to evaluate the thermal diffusivity for the three-layer solid sample.
Since the value of thermal diffusivity obtained are comparable to that expressed in literature (Table  1) , equation (2) for the three-layer solid sample under study is validated. [7] 95.90 125 2.523 Kim et al [10] 96.40 100 3.029
With the introduction of electric current at right angle to the direction of thermal flow, a decrease in the value of the thermal diffusivity is obtained. Typical fitting results are shown in Fig. 3a while the whole result is tabulated against the applied current and is shown in Table 2 . Consequently as more electrons drift in a direction different from the thermal field, lesser number of electrons are involved as thermal carriers in the direction of heat flow. As both number and speed of electrons increase with current, it is observed that the thermal diffusivity of the sandwiched aluminium through which the current flows dropped further as shown in Table 2 .
When the electric field is applied parallel to the direction of heat flow such that both current and thermal energy flow in the same direction, an increase in the value of thermal diffusivity is observed. Two of the fitting results are shown in Fig. 3b while, the whole values obtained when the current is varied from 10.00 mA to 50.00 mA is presented in Table 3 . Hence, the existence of electric current in the direction of heat flow enhance the thermal diffusivity of the sample. 
Conclusion
The results show that the presence, speed and direction of electric field simultaneously with temperature field cause a change in the value of thermal diffusivity of the sample. When the two fields are aligned in the same direction, thermal diffusivity is observed to increase and when they are at right angle to one another, thermal diffusivity of the sample under study is observed to decrease substantially.
